Maternal diabetes causes a range of complications in offspring, including reduced skeletal ossification. This study examined whether feeding ␥-linoleic acid (GLA) and ascorbate, alone or in combination, to diabetic pregnant rats improves skeletal development in their offspring. In addition, Ca 2ϩ concentration was monitored in maternal plasma and fetal tissue, as well as placental mRNA expression of calbindin-D 9k . Female rats rendered diabetic with streptozotocin were fed GLA (500 mg/kg/d), ascorbate (290 mg/kg/d), ascorbyl-GLA (790 mg/kg/d), or GLA and ascorbate (500 and 290 mg/kg/d, respectively) throughout pregnancy. Fetal skeletons were studied after alizarin red staining. Fewer ossification centers were observed in offspring of diabetic rats compared with offspring of control rats (68 Ϯ 4% of control, p ϭ 0.01). An almost complete restoration of ossification occurred with all the treatments (92-95 Ϯ 3% of control). Maternal diabetes during pregnancy is associated with an increased risk of several complications in the offspring, such as altered fetal growth, polyhydramnios, fetal loss, and congenital malformations (1-4). In addition, hypocalcemia and reduced bone mineral content are found in neonates of diabetic mothers (3, 5-7). However, some of the methodology used in earlier studies of neonatal bone mineral content has been questioned in a report that found no changes caused by maternal diabetes (8).
Maternal diabetes during pregnancy is associated with an increased risk of several complications in the offspring, such as altered fetal growth, polyhydramnios, fetal loss, and congenital malformations (1) (2) (3) (4) . In addition, hypocalcemia and reduced bone mineral content are found in neonates of diabetic mothers (3, (5) (6) (7) . However, some of the methodology used in earlier studies of neonatal bone mineral content has been questioned in a report that found no changes caused by maternal diabetes (8) .
Several potential mechanisms have been proposed for the causes of diabetes-induced malformations, such as disturbances in the metabolism of inositol, prostaglandins, and ROS (9) . Beneficial effects on embryonic development in diabetes have been reported subsequent to dietary supplementation with inositol, arachidonic acid, and antioxidants both in vitro and in vivo (10 -14) . A unifying etiology has been proposed, suggesting that excess glucose causes increased leakage of ROS from the mitochondrion. The ROS will affect second messenger systems, including prostaglandins synthesized from arachidonic acid (9) . Most of the experiments supporting this hypothesis have been performed in rats with neural tube defects as the main outcome measure.
Mechanistic data on bone mineralization defects in diabetes are less abundant than for embryonic dysmorphogenesis. Two fundamental mechanisms have been proposed to explain the ossification defects in offspring of diabetic rats, pinpointing either the Ca 2ϩ supply or the bone maturation itself as being disturbed by diabetes. The "push" model suggests that supply of Ca 2ϩ to the fetus is deficient, either through excessive Ca 2ϩ loss in maternal urine (15) or reduced placental transport capacity (16) . The "pull" model, on the other hand, suggests that the ossification process in the fetus itself is deficient, as indicated by reduced osteocalcin levels (17) and a reduced number of ossification centers, and thereby the fetus reduces its Ca 2ϩ requirements. Recent evidence addressing this question supports the latter model (18) .
The aim of this study was to test whether GLA and ascorbate, which prevent other diabetes-induced malformations, have any effect on impaired bone mineralization in fetuses of diabetic rats. As a secondary end point, an attempt was made to elucidate the mechanism of action by studying Ca 2ϩ concentrations in maternal plasma and fetal tissue, and placental mRNA expression of the Ca 2ϩ -transporting protein calbindin-D 9k .
GLA is normally synthesized from linoleic acid, but the activity of the converting enzyme delta-6-desaturase is reduced in diabetes (19) . GLA is an essential fatty acid and is metabolized to arachidonic acid and then further to second messengers including prostaglandins. Essential fatty acids have been found to have protective properties in experimental diabetes against nephropathy and neuropathy (15, 20 -22) as well as embryonic neural tube defects.
Vitamin C (ascorbate) is an essential nutrient in humans, and one of its functions is as an antioxidant (23, 24) . It is the primary antioxidant to be consumed in plasma exposed to oxidative stress (25, 26) . Vitamin C is reduced in tissue and plasma in diabetes (27) (28) (29) , and ascorbate fed to pregnant diabetic rats prevents the occurrence of fetal malformations and fetal loss (11) .
In the current study, we fed rats made diabetic with STZ with GLA and ascorbate. These were administered separately, combined, and as the novel compound ascorbyl-GLA, where GLA and ascorbate have been linked together in equimolar concentrations. Ca 2ϩ concentration and placental Ca 2ϩ transport capacity were measured as well as fetal ossification. We demonstrated that all treatments improved mineralization of the fetal skeleton in diabetes.
MATERIALS AND METHODS
Female Sprague-Dawley rats were obtained at weaning (Charles River, Margate, Kent, U.K.) and were subsequently maintained under a constant 12-h photoperiod and a temperature of 20 -22°C in standard cages and metabolism cages (for urinary data collection, as reported elsewhere). The rats had free access to food (Clarke's Rat and Mouse, Special Diet Services, Witham, Essex, U.K.) and deionized water, with or without supplements of GLA and/or ascorbate, throughout the experiment. Experimental groups and corresponding diets are outlined in Table 1 . Food enriched with GLA was prepared by dropping GLA (Scotia Pharmaceuticals, Guildford, Surrey, U.K.) onto food pellets. Ascorbate (Sigma Chemical, Poole, Dorset, U.K.) and ascorbyl-GLA (Scotia Pharmaceuticals) were dissolved in deionized water. All doses were corrected to the food and water consumption of the previous day.
At 8 wk of age, rats were made diabetic with a single i.p. injection of 60 mg/kg STZ (Sigma, Poole, Dorset, UK) dissolved in citric acid buffer (pH 4.8). Control animals were injected with buffer only. Only animals demonstrating polydipsia, polyuria, and glycosuria (Ͼ5.5 mmol/L) within 36 h of injection were included in the study. Blood glucose concentration was measured at the termination of the experiment in all pregnant rats with the glucose oxidase-peroxidase method (Ames Sera-Pak Reagent Kit, Bayer Diagnostics, Basingstoke, Hampshire, U.K.).
At 9 wk of age, the female rats were mated with control males of the same strain. The morning that a sperm plug was identified was designated d 0 of pregnancy. On d 21 of pregnancy, rats were killed by cervical dislocation and terminal blood was collected from the abdominal aorta into heparinized tubes. These were centrifuged immediately at 1000 ϫ g for 10 min to separate plasma. Fetuses and placentas were collected and weighed. In up to three fetuses per litter, amniotic fluid volume was measured by weighing the conceptus before and after rupturing the membranes. The amniotic fluid was collected for calcium and magnesium analysis. One fetus from each mother was selected at random for skeletal analysis and stored in 95% ethanol. The remaining fetuses were stored at Ϫ20°C for calcium and magnesium measurements. Placentas were snap frozen in liquid nitrogen and stored at Ϫ70°C for molecular analysis of calbindin-D 9K (see below).
For Ca 2ϩ and Mg 2ϩ quantification, fetuses were dried at 75°C overnight and then ashed at 550°C for 16 h. The ash was weighed and dissolved in 3 mL 3 M HCl and diluted 1:833 in 0.3% lanthanum solution or deionized water for Ca 2ϩ and Mg, respectively. Amniotic fluid and plasma were diluted 50 times in 0.3% lanthanum solution or deionized water. Ca 2ϩ and Mg 2ϩ concentration was then analyzed with an atomic absorption spectrophotometer (model 3100, PerkinElmer Instruments, Beaconsfield, Bucks, U.K.).
Ossification of fetal skeleton was examined after staining with alizarin red S (30). Fetuses were fixed in ethanol for more than 5 d and cleared from skin, viscera, and adipose tissue. They were then incubated in acetone overnight and subsequently macerated and stained in 1% KOH and alizarin red S (6 mg/L) for 1.5 d. After an overnight incubation in 70% ethanol/glycerol/benzyl alcohol (2:2:1), the fetuses were stored in glycerol until examination. With the aid of a stereomicroscope, ossification centers were counted in the vertebrae, ster- num, metacarpus, metatarsus, and the anterior and posterior phalanges. Calbindin-D 9K mRNA was measured as described previously (31) by extracting total RNA, according to Chomczinski and Sacchi (32) , after thawing of placental tissue in guanidinium thiocyanate buffer. Three placentas were chosen at random from each litter for analyses. Extracted RNA was loaded on a nylon membrane (Hybond N, Amersham Pharmacia Biotech UK, Ltd., Little Chalfont, Buckinghamshire, U.K.) in dot blots (20 g ) and hybridized with a 32 P-labeled cDNA probe for rat intestinal calbindin-D 9K (33) . In previously reported Northern blot analyses of placental RNA, we have shown that this probe detects a single transcript of the correct size (16, 31) . After radiographing, mRNA content was estimated densitometrically (Shimadzu, Kyoto, Japan) and normalized to oligodeoxythymidine hybridization on the same filter (16, 31) .
A separate group of male rats was exposed to a GTT to test whether GLA or ascorbate affects the severity of diabetes. Male rats were chosen to avoid variability of plasma glucose caused by the female estrus cycle. These rats had an identical diet treatment protocol as the female rats described above. At 7 and 9 wk of age (1 wk before and after STZ injection, respectively) the rats were loaded with 2 g/kg of glucose (i.p.) and tail vein blood glucose concentration was measured before and at 10, 30, 60, and 120 min after glucose loading. The area under the curve was then calculated. These rats were killed after the second GTT for collection of the pancreas into acid-alcohol (75% ethanol: 1.5% 12 M HCl: 23.5% H 2 O). Insulin in the pancreas was determined with a rat insulin RIA kit (LINCO Research, St. Charles, MO, U.S.A.).
All data are given as means Ϯ SEM, with n being the number of litters. Statistical comparisons were made with ANOVA and Dunnett's multiple comparison test, using GraphPad Prism software (version 3.00, GraphPad Software, San Diego, CA, U.S.A.). All significant differences indicated in tables are against the DP group.
RESULTS
GLA and ascorbate supplementation to the diet did not significantly alter the severity of the diabetic state of STZinjected male rats with respect to plasma glucose concentration (nontreated 30 Ϯ 4 mM, n ϭ 6; GLA 30 Ϯ 6 mM, n ϭ 6; ascorbate 19 Ϯ 5 mM, n ϭ 5), area under the curve (nontreated 4.8 Ϯ 0.5 min·mol/L, n ϭ 6; GLA 4.4 Ϯ 0.6 min·mol/L, n ϭ 6; ascorbate 3.7 Ϯ 0.6 min·mol/L, n ϭ 5), or pancreatic insulin content (nontreated 3.3 Ϯ 0.5 nmol/mg, n ϭ 6; GLA 2.0 Ϯ 0.8 nmol/mg, n ϭ 6; ascorbate 4.1 Ϯ 1.0 nmol/mg, n ϭ 5). With regard to maternal data, there was no significant difference in body weight between the groups over the course of pregnancy. Diet supplementation had no effect with respect to number of rats developing polyuria or polydipsia. Diet supplementation also had no effect on plasma glucose concentration with respect to the DP group ( Table 2 ). The water consumption (except in the DG group) and urine production of diabetic rats was, however, significantly reduced with all treatments. Food consumption was not significantly affected by STZ injection or diet treatment ( Table 2 ).
The litter size was not affected in the DP group as compared with CP or by any of the diet treatments as compared with DP (Table 3) . Fetal weight was reduced and placental weight increased in diabetes but was not significantly affected with respect to the DP group by any of the diet supplementations ( Table 3 ). The volume of amniotic fluid was overall increased by diabetes but was not further affected by diet treatment ( Table 3) .
The concentration of Ca 2ϩ in maternal plasma was increased in diabetes and unaffected by treatment, apart from ascorbyl-GLA, which further increased plasma Ca 2ϩ concentration (Table 4). Ultrafiltrable Ca 2ϩ concentration was not significantly reduced by diabetes but was increased in the DG group. Concentration of Ca 2ϩ in fetal ash was slightly reduced and Ca 2ϩ content per fetus clearly reduced in the DP group compared with CP. Ca 2ϩ concentration in the GLA-supplemented groups (DG, DASG, DGA) was increased compared with DP ( Table 4 ). The nominal increase of fetal Ca 2ϩ content in treatment groups was not statistically significant. Amniotic fluid Ca 2ϩ concentration was not different between groups (Table 4) .
Maternal plasma Mg 2ϩ concentration was not different between the CP and DP groups, but reduced in the DA group (Table 4) . Mg 2ϩ concentration in fetal ash and amniotic fluid was not different between the experimental groups, but Mg 2ϩ content per fetus was reduced in the DP compared with the CP group (Table 4) and partially restored by the diet treatments, being significant in the DASG group only.
The fetal skeleton of the DP group, compared with the CP group, exhibited fewer ossification centers in sternum, caudal vertebrae, metatarsus and anterior and posterior phalanges. All treatments restored the number of ossification centers to close to normal in all but the metatarsus, where only the DG group was affected. Metacarpus was not affected by diabetes nor any of the treatments (Table 5 ).
The amount of calbindin-D 9K mRNA in the placenta was reduced in all diabetic groups compared with the CP group. Treatment did not affect the calbindin-D 9K mRNA expression (Fig. 1) .
DISCUSSION
This study shows that both GLA and ascorbate have the potential to normalize defective skeletal development in offspring of diabetic rats, as indicated by normalization of the number of ossification centers and calcium concentration in fetal carcasses. However, no synergistic effects of the treatments were noted when administered together, with the doses used in this study.
Treatment with GLA and ascorbate started before induction of diabetes. As STZ acts via free oxygen radicals, and both GLA and ascorbate have antioxidative properties, there is a possibility that the treatment may have reduced the severity of the diabetic state. In a study with evening primrose oil (rich in GLA), a reduction in blood glucose concentration was noted (15) . The effect of another diabetogenic drug acting via free mRNA signal on dot blots is given as a ratio oligodeoxythymidine and is normalized to the average of the CP group. Data presented as mean Ϯ SEM, number as shown. Asc, ascorbyl; other group abbreviations are given in Table  1 . Statistical analysis with ANOVA. Only significant differences vs the DP group are indicated. *p Ͻ 0.05. Table 1 . Statistical analysis with ANOVA. Only significant differences versus the DP group are indicated.
* p Ͻ 0.05, ** p Ͻ 0.01.
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oxygen radicals, alloxan (34) , can be blocked by antioxidants (35) . We therefore performed a GTT with a separate group of animals. No significant effect of the diet treatment was noted, nor any effect on blood glucose concentration in pregnant rats at the end of the experiment. There may be a trend, although not statistically significant, of fewer animals becoming diabetic after diet treatment. However, when stratifying for diabetes, as done with the female rats in this study, there are no signs of the treatment affecting the severity of diabetes. Thus, in this study, the improvement of fetal outcome by the treatment was by a mechanism not related to an effect on the diabetic state itself. Although the total Ca 2ϩ concentration in maternal plasma was increased in diabetic dams, the ultrafiltrable fraction, which is accessible for placental transfer, was not significantly affected by diabetes. There were nominal increases in maternal ultrafiltrable Ca 2ϩ with all treatments, but this was only statistically significant with GLA.
We have previously reported that placental calbindin-D 9K mRNA expression is closely related to the maternofetal Ca 2ϩ flux in the rat (16, 31) . Here, Ca 2ϩ calbindin-D 9K mRNA expression was significantly reduced in placentas of diabetic rats, as reported previously (16) . However, diet treatment did not affect placental calbindin-D 9K expression, thereby not supporting a role of Ca 2ϩ transfer in the etiology of the treatment effects on fetal bone formation. Furthermore, if calbindin-D 9K is expressed as mRNA concentration per placental/fetal weight ratio, there is no difference between normal and diabetic groups (data not shown). If it is assumed that calbindin-D 9K /actin represents Ca 2ϩ transport capacity, and that placental and fetal weight is a proxy for transport area and fetal Ca 2ϩ requirements, respectively, the data then suggest that there is appropriate Ca 2ϩ supply to the fetus in all groups. Thus, the current data do not support the involvement of placental calbindin-D 9K mRNA expression in the reduced fetal ossification in diabetes, supporting the "pull" model for reduced fetal ossification caused by maternal diabetes in rats. This is further corroborated by observations in spontaneously diabetic BB rats, suggesting the fetal hypomineralization is caused by delayed bone maturation (18) . Hence, the effect of GLA and ascorbate on ossification of the fetus in this study is to be sought in the fetal bone development.
The underlying mechanism of abnormal embryo development in diabetes has been ascribed to damage caused by ROS, which disturbs prostaglandin metabolism (9) . The antioxidants ascorbate, ␣-tocopherol, and butylated hydroxytoluene prevent micrognathia and fetal resorptions, as studied in experimental diabetic pregnancy (11) (12) (13) . Similarly, arachidonic acid reduces the incidence of neural tube defects in embryos of diabetic rats (10, 36) , suggesting an effect of membrane stabilization after ROS damage. These mechanistic studies, however, relate to morphologic end points that may be unrelated to skeletal ossification. Micrognathia, for example, was recently demonstrated to be caused by "normal" bone formation around a malformed Meckel's cartilage (37) . Nevertheless, the current report showing clearcut beneficial effects of GLA and ascorbate treatments provides evidence that skeletal ossification abnormalities in diabetes are caused by ROS.
The mechanism by which ROS affects bone ossification remains unknown. Speculatively, there could either be a direct effect on osteoblast/osteoclast activity or a secondary effect via regulatory factors affecting ossification. One possibility is that diabetes-induced malformation of the fetal parathyroid gland (37) causes reduced fetal production of PTH, which would affect bone formation. Reduced PTH concentrations have been reported in umbilical blood in children of diabetic mothers (5) .
It is interesting to note that the ossification of metacarpus and metatarsus was relatively little affected by diabetes and the diet treatments. This may provide a useful tool for mechanistic dissections in future experiments.
In conclusion, we have demonstrated that GLA and ascorbate can restore skeletal ossification in offspring of diabetic rats. The mechanism by which the treatment works is unrelated to Ca 2ϩ supply to the fetus. Rather, the treatment is likely to be related to amelioration of diabetes-induced ROS effects on skeletal ossification in the offspring.
